T he extent of necrosis is the main determining factor in the outcome of osteonecrosis of the femoral head and is best measured by MRI.
It is generally accepted that in osteonecrosis of the femoral head (ONFH), the size of the necrotic segment correlates closely with both the natural history and the results of treatment. [1] [2] [3] [4] [5] [6] [7] [8] MRI allows accurate evaluation of ONFH and most authors now use this technique to estimate the size of a necrotic lesion. Since every author adopts an individual method of assessment, there is uncertainty in the interpretation and comparison of different reports. Research on ONFH and its treatment require a standardised method of quantifying the lesion on MRI. 8, 9 We have analysed several methods and their modifications for accuracy and repeatability and the possibility of their international use.
Patients and Methods
We examined 26 hips in 21 patients at an early stage of atraumatic ONFH. There were 18 men and three women with a mean age of 40 years (24 to 59). Between October 1995 and May 1996, all hips were diagnosed and classified using simple radiographs and MRI; six were in Ficat stage I and 20 were in stage II. Aetiological factors included alcoholism in 13 hips and corticosteroid therapy in three. In ten the diagnosis was idiopathic osteonecrosis. MR imaging. In all patients, MRI was performed using one of three units: a 1.5T Horizon (GE, Milwaukee, Wisconsin), a 1.5T Magnetom SP (Siemens, Erlangen, Germany) or a 1.0T Magnetom Expert (Siemens, Erlangen, Germany). T1-weighted images were obtained in the coronal, sagittal and axial planes, with repetition times (TR) of 440 to 750 ms and echo times (TE) of 10 to 20 ms (TR/ TE = 440 to 750/10 to 20). In all planes, the section thickness was 5 or 6 mm, and there was no gap. The field of view was 25 to 40 cm and the matrix was (179 to 360) ‫ן‬ (192 to 512).
Measurement of reference values.
Since it is impossible to measure the true volume or true surface area of a necrotic segment, it was presumed that each head image seen on coronal MR slices was a round plate 5 or 6 mm thick, depending on the section thickness (Fig. 1) . For this measurement, MR images were reviewed by the four authors together and all demarcations and reference points were decided by consensus. The outer margin of the low signal intensity band was considered to represent the edge of the necrotic area.
To obtain the reference volume, the area of a necrotic segment and of the whole head on each coronal image was measured using an image analyser (VIDAS Image Processing System; Kontron Bildanayse, Munich, Germany). The following formula was then used to calculate the volume of the necrotic segment as a percentage of the volume of the head:
% volume of necrotic segment ⌺area of necrotic segment = ϫ 100 ⌺area of whole head
To obtain the reference surface area of the necrotic segment, the arc of that segment, defined as the necrotic arc angle (NAA), and the diameter of the head were measured on each coronal image. Only the upper half of a head was taken into consideration. The arc of the necrotic segment was expressed by the angle from the concentric centre of each head image (Fig. 2 ). The following formula was then used to calculate the percentage of the surface area occupied by a necrotic segment:
% surface area of necrotic segment
Estimation of extent of the necrotic lesion using different methods. The extent of a necrotic segment was estimated using the methods of different authors, or their modifications. [1] [2] [3] 8 Again the MR images were reviewed by the four authors and all measurements decided by agreement.
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Examples of the measurement of NAA using MRI.
Step 1: Using concentric circles, the concentric centre of a head is determined.
Step 2: A horizontal line (A) is drawn through the concentric centre.
Step 3: From the horizontal line (A), one or two vertical lines (B) are drawn to the medial and lateral ends of the necrotic lesion.
Step 4: From the concentric centre, one or two straight lines (C) are drawn to the points where the vertical lines (B) cross the outer margin of a head, and the angle ␣ is measured.
Method 1. This is a modification of one of the methods of Lafforgue et al. 3 The NAA on the midcoronal image (A)
was measured and the extent of the necrotic portion was calculated using the formula:
% of necrotic lesion = (A/180) ϫ 100.
Method 2. This is the method of Koo and Kim. 8 The NAA on the midcoronal image (A) and on the midsagittal image (B) was measured and the extent of the necrotic portion was expressed using the formula:
% of necrotic lesion = (A/180) ϫ (B/180) ϫ 100.
Method 3. This is the method adopted by the members of our department. On coronal and sagittal images, the total number of images that showed the head (A) and the total number of images that showed the necrotic lesion (B) were counted. The extent of the necrotic lesion was then expressed by the formula: ; coefficient of repeatability = SDϫ 2 † Mean of 60 (6 hips x 10 observers) ‡ Mean of 36 (6 hips x 6 readings) § Mean of 24 (6 hips x 4 observers) Fig. 3 Scattergrams with line of equality to show the relationship between measured extent using different methods and reference values. Method 2 has a tendency to underestimate the extent and method 3 shows a tendency to overestimate it when the magnitude is high.
Method 6. This is also a method developed by Beltran et al. 1 The anteroposterior diameter of the head (R) and the longest anteroposterior length of the necrotic lesion (A) were measured on the axial image showing the largest necrotic area. The extent of the necrotic portion was expressed by the formula:
% of necrotic lesion = (A/R) ϫ 100.
Method 7. This is a modification of method 6. The anteroposterior diameter of the head (R) and the longest anteroposterior length of the necrotic lesion (A) were measured on the midaxial image. The extent of the necrotic portion was expressed by the equation:
Agreement between reference values and estimated values.
To evaluate the accuracy of each method of estimation, agreement between the reference value and the estimated value was analysed by calculating the mean difference and the standard deviation of the differences. 10 Since the estimated values can be adjusted for the mean difference, only the standard deviation was taken into consideration. When the standard deviation was less than 5%, the degree of agreement was defined as good; when it was less than 7.5% it was judged acceptable. Reproducibility. For the evaluation of the reproducibility of the estimation methods, ten independent observers estimated the extent of each necrotic lesion in six randomly selected hips. Each observer measured each hip six times, with an interval of one week between each measurement. Only estimation methods which demonstrated good or acceptable accuracy, namely methods 2, 3 and 4, were used. Of the ten observers, four were experienced (the present authors) and six were senior residents of the orthopaedic department. The acquired data were analysed for intra-and interpersonal variances and the coefficient of repeatability was calculated; 10 when this was less than 5%, the reproducibility of a method was considered reasonable.
Results
Agreement between reference and estimated values. Three of the seven methods demonstrated good (method 4) or acceptable (methods 2 and 3) agreement between estimated and reference values of the surface area (Table I, Fig. 3) . Reproducibility. Table II shows the intra-and interpersonal variances of repeated measurement by all ten observers and the four experienced observers using methods 2, 3 and 4. No method demonstrated reasonable reproducibility for general observers. The repeatability of methods 3 and 4 was reasonable only when they were used by experienced observers.
Discussion
It is practically impossible to measure the true volume or surface area of a necrotic lesion. We therefore used MR images to calculate the volume and surface area. Holman et al 6 and Steinberg et al 9 proposed a similar method for the measurement of the extent of the necrotic areas. We believe that these calculated values accurately represent the true values but at the present time this method is too complicated for clinical application. A number of studies 1, 3, 8 have measured the NAA but none has described in detail the method by which this was achieved. In our review, NAA was measured as in Figure  1 because of the extreme irregularity in the shape of the lesions. This is applicable to any irregular shape, but we were not able to apply the method of Kopecky et al 2 who estimated the necrotic area by calculating the area of an ellipsoid.
Three of the seven methods demonstrated good or acceptable accuracy, although their repeatability was not satisfactory for clinical use. For two of the three, repeatability was reasonable only when experienced observers were involved. The main cause of variation in method 2 was inconsistency in determination of the midcoronal and midsagittal images. Often, two adjacent head images had almost the same diameter but showed necrotic lesions of very different sizes. Koo and Kim 8 reported a coefficient of variation of 3.2% for the interpersonal variation in method 2. They used magnified instead of conventional images, which suggests that the repeatability of method 2 can be greatly improved by the use of a magnified image.
None of the methods assessed in this study seems appropriate for universal use. Methods 3 and 4 show acceptable accuracy and reasonable repeatability if experienced observers are involved, while the repeatability of method 2 would be improved with magnified MR images. We believe that the study of these three methods will lead to the establishment of personal and institutional criteria for measuring the dimensions of a necrotic lesion in the femoral head.
